Abstract: Terahertz time-domain spectroscopic (THz-TDS) imaging is an interesting new tool for nondestructive testing and other applications. However, the current speed of image acquisition is relatively low, making it difficult to use for moving objects. In this paper, we propose a real-time THz-TDS line scanner based on electro-optical time-to-space conversion and line focusing of a THz beam. The proposed system functions as a color scanner in the terahertz spectral region with fast line-scanning and has been successfully used to image objects, which are moved on a translation stage. The achieved THz-TDS imaging rate is 23 200 pixels per second. This proposed THz-TDS line scanner has the potential to become a powerful tool for monitoring moving objects in various real-world applications.
Introduction
In the fields of nondestructive testing, security screening, and biomedical applications, it is important not only to visualize the geometrical shapes of internal structures but also to analyze and identify the chemical composition of test objects. Although both X-rays [1] and ultrasonic waves [1] have been utilized in those applications, the hazardous ionizing effects of the former and the need for direct physical contact in the latter limit their utility. Furthermore, those imaging modalities only produce "monochrome" pictures of a sample, making it difficult to identify its chemical components. Infrared spectroscopy is also frequently used to characterize semiconductors, medicines, and other materials on the basis of the rich spectral fingerprints of molecular vibrational modes in the infrared region [2] . However, infrared scattering severely limits the penetration depth in many samples. In the past decade, terahertz (THz) radiation, lying at the boundary between optical and electrical waves [3] , has emerged as a new mode for sensing and imaging [4] . Pulsed THz waves have attractive features such as good penetration for dry, non-polar materials, low scattering, long free-space propagation in dry air, low photon energy, good beam coherence, and broad spectral bandwidth [5] . Since many materials indicate spectral fingerprints in the THz region, the spectroscopic analysis in this region has received interests as a new tool for material characterizations. Furthermore, the availability of coherent optical imaging has made THz imaging an attractive non-contact, nonionizing method for a variety of applications. Since the first demonstration of THz transmission imaging in 1995 [6] , several other kinds of THz imaging techniques have been reported: reflection tomography [7] , computed tomography [8] , dark-field imaging [9] , nearfield imaging [10] , and spectroscopic imaging. The last technique in particular permits identification and spatial imaging of the chemical components in a sample on the basis of the THz spectral fingerprints because this imaging modality effectively provides "color" pictures in the THz range in contrast to "monochrome" X-ray and ultrasound imaging. Furthermore, it is straightforward to combine THz spectroscopic imaging with other imaging techniques. Consequently, it has important applications in screening of illicit drugs [11] and explosives [12] , detection of cancerous tissue [9] and RNA [13] , classification of powders [14] , and art conservation [15] . Despite the advantages listed above, however, the technique of THz spectroscopic imaging is hampered by the slow speed of image acquisition. In a typical THz time-domain spectroscopy (THz-TDS) system, a mechanical translation stage driven by a stepping motor is used for time-delay scanning between the THz pulse and the optical probe pulse. When this system is extended to THz-TDS imaging by rasterscanning the sample through the THz beam focus, the overall image rate can be quite low. As a result, the method has so far only been applied to stationary objects. If THz-TDS imaging can be extended to moving objects in real time, such as industrial products on a conveyor belt, the applications of THz-TDS imaging will be greatly increased. For more rapid sweeps across a range of time delays, a galvanometric scanner or piezoelectric device can be used instead of a stepping motor. However, there is an inherent trade-off between scan range and rate, and thus between spectral resolution and measurement time in THz-TDS. A better alternative would be to eliminate the need for time-delay scanning altogether, which would largely solve the problem of the low imaging rate. Recently, new THz-TDS systems based on asynchronous-optical-sampling [16] or multi-frequency-heterodyning [17] photoconductive detection have been proposed to simultaneously achieve rapid data acquisition and high spectral resolution. In these methods, two asynchronous mode-locked lasers are used for the pump and probe lasers, and thus no mechanical translation stages for time delay scanning are required, thereby overcoming the tradeoff between spectral resolution and measurement time in THz-TDS. Kilohertz rates of time delay have been attained using lasers with a 1-GHz repetition rate and free-space electro-optic sampling (FSEOS) [18] . Unfortunately, many scans have to be integrated together to achieve an adequate signal-to-noise ratio (SNR). Furthermore, mechanical rastering of the sample position is still required.
In many applications, an object is typically moved unidirectionally at a constant speed by a translation stage. To construct a two-dimensional (2D) THz-TDS image of such an object, it would be necessary to acquire and piece together consecutive one-dimensional (1D) THz-TDS images. Real-time acquisition of 1D-THz-TDS images can be achieved if instead of a mechanical stage we use alternative techniques for measuring the time delay and 1D sample position. One effective stage-free configuration combines a single-shot measurement of the temporal waveform with 1D transverse imaging, enabling real-time 2D spatiotemporal (2D-ST) imaging. In the THz region, there have been several reports on single-shot measurements of the temporal waveform of a THz pulse based on 2D-FSEOS [19] . These include time-towavelength conversion using a chirped probe pulse [20, 21] , use of a THz streak camera [22] , time-to-space conversion based on non-collinear 2D-FSEOS [23] , and an echelon method [24] . Although some of these techniques could be extended to 2D-ST THz imaging, non-collinear 2D-FSEOS should prove most suitable since it only requires a slight and inexpensive modification of a regular 2D-FSEOS system. More importantly, it has no limitations on time resolution caused by coupling between frequency and time domain methods [25] or by the instrumental response [22] . We have previously proposed a 2D-ST THz imaging technique based on a combination of non-collinear 2D-FSEOS and line focusing of a THz beam onto a sample, and demonstrated the method in a reflection geometry for real-time 2D THz tomography [26] . Such an imaging technique can also be applied to real-time 1D-THz-TDS imaging in transmission geometry.
In the present paper, we propose to obtain real-time 1D-THz-TDS images of a moving object, which is based on 2D-ST THz imaging by combining non-collinear 2D-FSEOS with line focusing of a THz beam at a sample in the transmission geometry. The proposed system functions as a color-scanner machine in the THz region with fast line-scanning, namely THz-TDS line scanner. After describing the experimental setup and performance, we present some examples of THz-TDS images and movies collected for a moving object. Figure 1 shows the setup of our THz-TDS line scanner. A femtosecond Ti:sapphire regenerative amplifier (Spectra-Physics Hurricane, pulse energy = 600 µJ, pulse duration = 150 fs, central wavelength = 800 nm, repetition rate = 1 kHz, beam diameter = 10 mm) was employed to generate and detect THz pulses. After diverging the pump light with a planoconcave lens (L1, f = -60 mm), an intense THz pulse is generated via optical rectification of the pump light in a 1-mm-thick, 15-mm-square <110> ZnTe crystal (ZnTe1) manufactured by Nikko Materials of Japan. The THz beam is emitted from the ZnTe1 in collinear with the pump beam, and its radiation angle is about 10°. The THz beam is then collimated by an offaxis parabolic mirror (OAP-M, f = 119 mm). A white polyethylene plate (IRF, thickness = 3 mm) was used as a filter to block the residual laser light. In order to line focus and image or collimate the THz beam, we used three THz lenses (CL1, L2, and CL2) manufactured by Pax of Japan. Figure 1 shows a top view and a side view of the THz beam optics. The first THz cylindrical lens (CL1, f = 50 mm) focuses the THz beam onto the sample, resulting in a line of illumination along the X-axis of the sample. The height of the THz focal line is 20 mm and its width depends on the THz frequency, as discussed later. While passing through the sample, the THz pulse experiences attenuation, delay, and/or distortion due to the frequencydependent absorption and refractive index. The THz beam is then incident on a 1-mm-thick, 25-mm-square, <110> ZnTe crystal (ZnTe2, manufactured by Nikko Materials of Japan) used for non-collinear 2D-FSEOS, after it has passed through a THz plano-convex lens (L2, f = 100 mm) and a second THz cylindrical lens (CL2, f = 100 mm). As a result of these optics, the THz beam incident on ZnTe2 is collimated in the top view and imaged in the side view (see the imaging ray indicated by the green broken line). Meanwhile, a probe beam is expanded to about 30-mm diameter by a beam expander (BE), and is then polarized linearly by a Glanlaser polarizing prism (P, extinction ratio = 5 × 10 
Experimental setup
where Δh is the spatial displacement corresponding to the time delay Δτ and c is the speed of light in vacuum. This temporal profile develops successively along the width of ZnTe2. The resulting time window (t W ) and step increment (Δt) are defined as 
where D is the diameter of the probe beam and N is the number of pixels across the horizontal coordinate of the 2D imaging device, which is described later. The corresponding frequency resolution (Δν) and range (ν R ) in THz-TDS are
and
Therefore, the frequency resolution can be set by proper selection of D and θ. On the other hand, the vertical direction of ZnTe2 is used for 1D transverse imaging of the sample along the THz focal line parallel to the X-axis. In this way, a 2D spatiotemporal (2D-ST) THz image is formed in ZnTe2, in which the temporal profile of the THz pulse and the sample's 1D transverse image develop along the horizontal and vertical dimensions, respectively. The procedure to align the ZnTe2 crystal is as follows. First, the crystal surface is set to be perpendicular to the probe beam at an intersection of the THz beam and probe beam. And then, the crystal position is adjusted along the propagating direction of the probe beam to maximize the THz signal while monitoring the 2D-ST image at real time, resulting in attainment of long interaction length between the THz beam and probe beam in the crystal.
To convert that 2D-ST THz image into a 2D spatial distribution of the probe intensity, FSEOS is performed near the zero optical transmission point [28] using a polarizer P and another, crossed, Glan-laser polarizing prism (A, extinction ratio = 5 × 10 -6 , clear aperture = 20 mm diameter). The 2D image of the probe beam is imaged with a demagnification of 0.25 by a lens (L3, f = 80 mm) to a high speed complementary metal-oxide semiconductor (CMOS) camera [Hamamatsu Photonics Intelligent Vision System, sensor area = 4.6 mm × 4.6 mm, pixel size = 232 × 232 pixels, frame rate = 1000 frames per second (fps), exposure time = 1 µs, digital output = 12 bit]. To improve the signal-to-noise ratio (SNR), we adopted a dynamic subtraction technique by synchronizing the camera to the 1 kHz laser pulses [29] . To this end, the pump beam is chopped using an optical chopper (OC) to block every other laser pulse. We perform alternate acquisition of probe images with and without the presence of the THz beam, and then subtract successive images, thereby suppressing the background noise. Finally, a 1D-THz-TDS image of the THz amplitude of the sample along the focal line is obtained by a fast Fourier transform (FFT) of the time dimension in the 2D-ST THz image. In conventional real-time 2D THz imaging using a CCD or CMOS camera, the small modulations in the probe light induced by the THz electric field are detected despite significant leakage of probe light due to intrinsic birefringence and/or multiple scattering in the ZnTe2 crystal. For detection of a weak signal within the strong background light, a lock-in detection scheme is used. Miyamaru et al. have proposed a fast lock-in imaging technique using dynamic subtraction by synchronizing a high-speed CMOS camera to the 1 kHz laser pulses, and have improved the SNR for collinear 2D-FSEOS equipped with a mechanical time-delay stage [29] . On the other hand, for non-collinear 2D-FSEOS, high-speed single-shot measurements of the THz temporal waveform can be achieved because no mechanical timedelay stage is needed. This capability avoids reductions in the SNR due to pulse-to-pulse fluctuations of the amplified femtosecond pulse intensity. To evaluate the effectiveness of combining use of dynamic subtraction detection and single-shot measurements, we investigated the relationship between the SNR and the image integration. Here, the SNR is defined as a ratio of a peak-to-peak value of bipolar, pulsed signal in the presence of THz beam to a standard deviation of noise signal in the absence of THz beam with respect to the temporal waveform of THz electric field. Figure 4 shows the result. Even with no image integration (measurement time = 2 ms, frame rate = 500 fps), a SNR of about 70 was achieved. A power law relationship between measurement time and SNR was found in the form Y = αX β , where Y is the SNR, X is the measurement time, α = 47.7 and β = 0.469 with a regression coefficient of 0.999. When the system noise is limited by shot noise, the SNR is expected to be proportional to the square root of the number of images integrated (Y ∝ X 0.5 ). Therefore, the noise level of the present system is close to the shot-noise limit.
Basic performance

Temporal and spectral characteristics
Imaging characteristics
When investigating the imaging performance of the system, we have to consider the transverse resolution (δ line ) and depth of focus (DOF line ) of the line focusing lens CL1 with a horizontal numerical aperture (NA) of 0.20, as well as those (δ image and DOF image ) of the imaging lenses L2 and CL2 with a vertical NA of 0.22 (see Fig. 1 ). Assuming that the intensity profile of the THz beam is Gaussian, the theoretical diameter of the focal spot at half-maximum (δ) and the depth of focus (DOF) are [30] δ = λf
where λ is the wavelength, f is the focal length of the lens, d 0 is the diameter of the collimated beam at half-height, and ν is the frequency. These equations indicate that the values of δ and DOF depend on the THz frequency. the tolerance to the thickness and axial positioning of the sample. We must also compare the ZnTe2 thickness to the DOF image . The DOF image value in the setup of Fig. 1 is greater than the ZnTe2 thickness of 1 mm within a 2-THz spectral range, so that there is no degradation of the imaging characteristics. Another factor that could degrade the transverse resolution is the spherical and/or chromatic aberrations of L2 and CL2. Furthermore, the tilt of the ZnTe2 surface relative to the THz beam could deteriorate the imaging characteristics. Therefore the actual transverse resolution of the THz-TDS line scanner is a convolution of those effects. To measure the actual transverse resolution, we performed a knife-edge test. A 400-µm-thick blade was placed at the sample position to block the upper half of the THz focal line. We measured 2D-ST THz images with and without the presence of the blade, and obtained the corresponding 1D-THz-TDS amplitude images by Fourier transforming the time dimension in the 2D-ST images. To cancel the effect of the uneven amplitude profile along the X-direction, we calculated a ratio of the 1D-THz-TDS image with the blade to that without the blade. Figure 6 (a) shows the resulting ratio image of the THz amplitude as a function of frequency. Figure 6 (b) compares knife-edge profiles for various THz frequencies within the spectral range of the present system, which are extracted from amplitude-ratio profiles along vertical image line in Fig. 6(a) . Movie of Fig. 6 shows the change in the knife-edge profile as the THz frequency is varied. In this movie, the left panel shows the ratio image of the THz amplitude while the right panel shows the knife-edge profile along the sweeping red line in the ratio image. It can be seen that the slope of the knife-edge profile becomes steeper as the THz frequency increases.
Assuming a Gaussian distribution of THz power across the focal spot, the knife-edge profile can be expressed in terms of an error function (erf) as [30] I(x) = I 0 1 2 1+ erf 2 ln2
where I 0 is the total intensity of the beam, x is the knife's position, x c is its position as it crosses the center of the beam, and d is the beam's focused diameter at half-maximum. The square of the knife-edge profile of the THz amplitude ratio equals the corresponding power ratio. We fitted it to Eq. 8 and computed the transverse resolution at each THz frequency. The results are plotted in Fig. 5(a) for comparison with the theoretical values; this figure indicates that the actual transverse resolution attains the diffraction limit of the imaging system. However, the experimental plots are partially better than the theoretical diffraction-limit curve. We consider two reasons for this result. One is an underestimation of THz beam diameter (d 0 ) in the THz imaging optics. Although we estimated the THz beam diameter from radiation angle of THz beam form ZnTe1 and focal length of OAP-M, the actual beam diameter might be larger than it. In this case, there is a possibility that theoretical diffraction limit is worse than the actual transverse resolution. Other reason is error of the fitting based on Eq. 8 in analysis of the knife-edge test. 
Measurement of a moving object
Test sample
To test the THz-TDS imaging system, we used as a test sample a metal hole array (MHA) whose spectral characteristics can be designed arbitrarily. It is a metal plate having 2D periodic arrays of circular holes of sub-wavelength diameter. Due to resonant coupling of the incident THz wave with surface plasmon polaritons excited on its surface, the MHA exhibits characteristic optical transmission spectrum at a specific pass-band frequency determined by the hole diameter and spacing. Such MHAs not only serve as band-pass filters with high transmittance in the sub-THz and THz region [31] but can also be used as sensitive THz sensing devices [32, 33] . We used a four-segment MHA (4seg-MHA) made of stainless steel (SUS304) with a thickness of 300 µm manufactured by the Tokyo Process Service Company of Japan. The four segments each have different pass-bands (0.2, 0.4, 0.8, and 1.6 THz) and are distributed spatially as shown in Fig. 7(a) . Specifications of the hole sizes and spacings are listed in Table 1 .
To characterize the 4seg-MHA, we set up a THz-TDS imaging system to raster scan the MHA sample through the THz beam focus. This system was composed of a Ti:sapphire laser oscillator (Spectra-Physics MaiTai, pulse energy = 12 nJ, pulse duration = 100 fs, central wavelength = 800 nm, repetition rate = 80 MHz), two dipole-shaped low-temperature-grown GaAs photoconductive antennas for THz generation and detection, four off-axis parabolic mirrors (OAP-Ms), a mechanical time-delay stage (with a speed of 22 seconds per scan), and a lock-in amplifier (with a time constant of 10 ms). After being generated at the photoconductive antenna and collimated by the first OAP-M (f = 101.6 mm), the THz beam is focused onto the MHA sample by the second OAP-M (f = 50.8 mm). The diameter of the THz beam focus is calculated to be 4.2 mm at 0.2 THz, 2.1 mm at 0.4 THz, 1.0 mm at 0.8 THz, and 0.52 mm at 1.6 THz, which are the frequencies used for the THz-TDS images described later. The THz beam passing through the sample is re-collimated by the third OAP-M (f = 50.8 mm) and is then focused onto another photoconductive antenna for THz detection using the fourth OAP-M (f = 101.6 mm). For the purpose of THz-TDS imaging measurements, the sample position is raster scanned by a 2D moving stage. The temporal waveform of a 0.35-ps THz pulse was obtained at a SNR of 1100. Also the THz spectrum over a 2 THz range was measured with a resolution of 21 GHz. The amplitude spectra of THz signal passing through each segment in the 4seg-MHA are shown in Fig. 8 . The measured peaks coincide with their specified pass-band frequencies. The substantial peak widths may be caused by dispersion of the incident angle of the focused THz beam onto the sample and/or by an insufficient number of holes within the THz focus spot for resonant coupling with the surface plasmon polaritons. Next we measured THz-TDS images of the 4seg-MHA using the same system. To this end, the sample position was raster scanned within a 12.8 mm × 12.8 mm area using a 2D stage moving at 320 µm/step [see Fig. 7(b) ], resulting in a THz-TDS image composed of 41 × 41 pixels. Since the measurement time for the temporal waveform is 22 seconds per pixel, it takes about 10 hours to obtain the image with 41 by 41 pixels. Figure 9 shows the resulting THz-TDS images at 0.189, 0.399, 0.798, and 1.596 THz. Crosstalk between MHA segments in the latter three THz-TDS images is due to the high-frequency tails in the transmission spectra of the MHA areas in Fig. 8 . Nevertheless, the image of each MHA area could be easily separated from each other by principal component analysis [34] .
Real-time THz-TDS imaging of a moving object
To test the performance of the proposed method, we measured real-time THz-TDS images of a moving 4seg-MHA. Because the THz beam is line-focused onto the sample, the MHA was continuously moved across it at a rate of 1 mm/s using a translation stage [see Fig. 7(c) obtained by the raster-scanning system (see Fig. 9 ), we conclude that the proposed THz-TDS line scanner measured the moving 4seg-MHA correctly. It is important to note that this movie is not a fast-forwarding movie but a "real-speed" movie of the measurement. Thus the present system can generate vertical line images of a moving sample consecutively in the order depending on the movement at all THz frequencies. Here, we consider a possibility that integration of 50 2D-ST THz images blurs the THz-TDS images in Fig. 10(a) . In this demonstration, 10 000 2D-ST THz images were measured for the sample movement of 20 mm (2 µm/image). Hence, integration of 50 images is corresponding to averaged image for the sample movement of 100 µm. Since the sample movement of 100 µm is smaller than the width of THz focal line within the spectral range of 2 THz [see δ line curve in Fig. 5(a) ], one can neglect the reduction of spatial resolution caused by the image integration of the moving object. In this way, the proposed system can be applied for moving object. The fade-out profile of THz signal along vertical direction is due to the Gaussian spatial distribution of THz amplitude across the beam section, which is caused by the beam profile of the pump light. Effect of such profile will be improved by two methods. One is to change the Gaussian beam profile of the pump light to a top-hat profile by use of the beam shaping techniques. Another is use of ratio of the 1D-THz-TDS amplitude image with the 4seg-MHA to that without the 4seg-MHA.
To evaluate the limit on the speed of the sample, we increased the motion of the 4seg-MHA to 10 mm/s. We acquired 1000 2D-ST THz images for 2 seconds at 500 fps and integrated groups of 5 images to maintain a sufficient number of vertical image lines (10 line/mm) in the THz-TDS images. The SNR in this case, with a 100 line/s acquisition speed, is estimated from Fig. 4 to be 132 in the absence of a sample. THz-TDS images acquired in On the other hand, in the THz-TDS image at 1.600 THz, the signal for the 1.6-THz MHA segment has been quite low. This is mainly due to the decreased SNR and to the limited dynamic range of the signal at higher THz frequencies. Improvement of the SNR and/or increase in the THz spectral bandwidth would permit THz-TDS imaging of fast-moving objects at higher THz frequencies.
Finally, we compare the presented THz-TDS line scanner with the conventional rasterscanning THz-TDS imaging system in regards to image pixel rate. Figure 11 compares successive THz-TDS images obtained by the raster-scanning system and the line scanner. In the raster-scanning system, with a measurement time for the temporal waveform of 22 seconds per pixel, it requires 36 982 sec to acquire an image with 41 by 41 pixels [see Fig.  11(a) ]. We here have to consider difference of frequency resolution between the two systems for fair comparison of the pixel rate because measurement time is dependent on frequency resolution in the raster-scanning system. In Fig. 11 , frequency resolution of the rasterscanning system (= 21 GHz) was 1.38 times better than that of the line scanner (= 29 GHz). If the frequency resolution of the raster scanning system is set to be 29 GHz, the measurement time of the 4seg-MHA is estimated to be 26 780 sec. The resulting pixel rate is thus only 0.063 pixel/s. For the line scanner with a sample speed of 1 mm/s, an image with 200 by 232 pixels can be obtained in 20 seconds [see Fig. 11(b) ]. The resulting pixel rate is as high as 2320 pixel/s, which is 36 825 times higher than that of the raster-scanning system. Furthermore, when the sample speed is increased to 10 mm/s, the line scanner attains a pixel rate of 23 200 pixel/s [see Fig. 11(c) ]. On the other hand, the SNR of the raster-scanning system is about 10 times better than that of the line scanner for a sample speed of 10 mm/s because a lock-in amplifier is used in the raster-scanning system. To achieve a SNR similar to that of the raster-scanning system, the line scanner would require a measurement time of 163 s per THz-TDS image (see Fig. 4 ), corresponding to a rate of 285 pixel/s. We conclude that the line scanner is superior to the raster-scanning system with regard to the pixel rate. 
Conclusion
We have developed a real-time THz-TDS line scanner that can be used to image moving objects. The proposed method is based on 2D-ST THz imaging by combining non-collinear 2D-FSEOS with line focusing of a THz beam onto a sample. 2D-ST images with a size of 20 mm by 34 ps were obtained at a high SNR by adopting a 500-Hz lock-in imaging technique as well as image integration. FFT calculation of the time dimension in the 2D-ST THz images gives 1D-THz-TDS images of size 20 mm by 3 THz at a frequency resolution of 29 GHz. The spatial resolution of the proposed THz-TDS scanner depends on the THz frequency but is near the diffraction limit of the imaging optics. We applied the technique to successfully image a moving 4seg-MHA. The pixel rate of the THz-TDS line scanner was as high as 2320 pixel/s and 23 200 pixel/s for sample speeds of 1 mm/s and 10 mm/s, respectively. These are much higher pixel rates than those of a raster-scanning THz-TDS imaging system. To the best of our knowledge, this is the first time that THz-TDS imaging of a moving object has been achieved. Consequently, this method has the potential to become a powerful tool for monitoring moving objects in real-world applications.
